Abstract-It is well known that the behavior of zooplankton and, in particular, their orientation distribution dramatically affects the level of backscattered acoustic energy. As a result, interpretation of acoustic survey data in the ocean is subject to error. In order to quantify these effects, laboratory data from two important classes of animals were collected. The data involved broad-band (350-650 kHz) acoustic signals insonifying individual animals whose orientation was varied over the range 0 -360 in 1 increments. The animals were from two major anatomical groups: fluid-like (decapod shrimp; Palaemonetes vulgaris) and elastic-shelled (periwinkles; Littorina littorea). The data were analyzed both in the time domain (with pulse compression processing) and the frequency domain. Averages of the laboratory data over different orientation distributions illustrate the variability in average target strength that can be expected in the ocean environment. The average target strength of the shrimp varied by 3 dB when averaged over orientation distributions centered around broadside and end-on incidence. In addition, size estimates from pulse compression processing of the broad-band echoes were made for various orientation distributions for both the shrimp and periwinkles. These results show the necessity of animal orientation information for the proper interpretation of acoustic backscatter data.
I. INTRODUCTION

M
EASUREMENTS of acoustic scattering in the ocean are used by biologists to determine the abundance of zooplankton in the water column [1] - [4] . However, there generally is not a simple relationship between the amount of sound scattered and the number and type of animals. Originally, the fluid sphere scattering model by Anderson [5] was used to model zooplankton. This spherical model was used by scientists to estimate animal biomass in the ocean and also to obtain information about the size distribution of the animals [1] , [6] , [7] . Research has shown that the simple model of a sphere is inadequate for modeling some types of zooplankton and that the orientation of the animal can have a profound effect on the scattering [8] - [11] . In an attempt to solve this problem, scientists have developed more realistic models of the scattering physics for several types of zooplankton (see reviews in [7] , [12] ). Although significant progress has been made on the development of scattering models, much still needs to be done. For example, a crucial element in understanding the scattering is its dependence upon the angle of orientation of the animal. The average level of scattering for some orientations can be predicted using available theory [13] . For other orientations, the models must be advanced in order to make reliable predictions. Given the fact that the models may be valid only for a certain range of orientations, a scattering analysis may involve supplementary laboratory data for animal orientations which the models do not accurately describe.
This paper describes a study where laboratory data involving two types of zooplankton were collected at high angular resolution and over an octave bandwidth. The data are processed in order to predict the effects of animal orientation on the scattering levels and on acoustic estimates of animal size. All laboratory data involve scattering by individual animals. For acoustic estimates of size in the ocean application, the animals must also be resolved acoustically. However, the study involving the effects of orientation on scattering levels applies to either case of resolved animals or echoes from an aggregation since the analysis involves echo energy and first-order scattering (higher order scattering is negligible for objects of such small target strength).
II. THEORY
Acoustic backscatter from a zooplankter is determined by the differences in density and sound speed between the animal and the surrounding fluid, the animal's shape, and the animal's size relative to the acoustic wavelength. By using simple geometric shapes to represent the animal, mathematical scattering models for several different types of zooplankton have been developed [14] . This paper discusses two types of zooplankton that have very different physical attributes and are thus modeled separately: those with fluid-like bodies and elastic-shelled animals.
Both of these animals have been successfully modeled with ray-based methods [13] , [14] . These methods are an approximation to the scattering and are valid only in the geometrical scattering region , where is the acoustic wavenumber and is a characteristic dimension of the animal, generally its radius. In this study, ranges from 3 to 8. Acoustic rays are used to represent scattering from specific features or involving certain mechanisms of the scatterer. The advantage of this approach is that accurate representations of the scattering from an animal can be made by using the contributions from the most dominant mechanisms, while the disadvantage is that these results are only applicable in the geometric scattering region. are the pressure fields from the front interface reflection, the Lamb wave, and reflection off the back interface of the animal, respectively.
Common to both types of animals is the fact that an echo due to a single insonification of an individual animal will have multiple returns that can overlap in the time domain. The different returns are due to the various features of each animal that scatter sound. The overlap is due to the small size of the animals relative to the long pulse length of the acoustic wave that strikes the animal. With sufficiently high bandwidth in the insonifying signal and matched filter signal processing, some of the individual echoes by the features can be resolved. Otherwise, one would be measuring the constructive or destructive interference pattern from the overlapping echoes, which makes the analysis more of a challenge.
A. Fluid-Like Animals
Zooplankton whose body composition are fluid-like occur throughout the oceans. Common types of fluid-like animals include krill, amphipods, and decapod shrimp. These animals all have a morphology roughly similar to the species (Palaemonetes vulgaris) studied herein.
The class of fluid-like animals that Palaemonetes vulgaris belongs to has a very thin outer shell or exoskeleton (which is assumed not to support a detectable shear wave) enclosing the body of the animal which has physical characteristics that are similar, but not necessarily the same, as those of the surrounding medium. There is strong evidence that the scattering from the above-mentioned animals occurs primarily from reflections from the outer boundary of the animal. For example, previous studies involving krill and shrimp [15] , [16] have found that near broadside incidence there are generally two main echoes from the animal: one from the front interface of the body, and a second echo from a wave that propagates through the animal's body, reflects off the interface at the far side of the animal, propagates back through the animal's body, and finally is detected by the receiver [ Fig. 1(a) ].
For the simple case of broadside incidence, the time delay between the arrivals of the two echoes provides useful information. The time delay will be directly proportional to the distance the wave travels inside the animal. Thus, the animal's diameter can be estimated if the speed of sound in the interior of the animal is assumed to be constant. The ratio of sound speed of a fluid-like animal relative to that of the surrounding medium measured by Foote [17] for a euphausiid (a morphologically similar animal) is used. The animal's orientation relative to the acoustic wave will also affect the time delay. If the animal is at broadside incidence to the acoustic wave then the time delay can be converted directly to an estimate of the diameter of the animal. At oblique angles, the conversion of time-delay information to diameter estimates requires knowledge of the orientation and the use of simple trigonometry. This method is not applicable at all angles due to limitations of the scattering model near end-on incidence and is further complicated by the presence sometimes of more than two echoes [14] . These echoes are likely to occur from reflections from parts of the animal other than the front and back interface (such as the rostrum or telson).
B. Elastic-Shelled Animals
Periwinkles (Littorina littorea) are bottom-dwelling snails that are commonly found in intertidal zones. They are similar in morphology to certain planktonic pteropods (e.g., Limacina retroversa) which can be important acoustic scatterers in the water column [18] - [20] . The pteropods are very difficult to study individually in the laboratory due to their small size (diameters are generally less than 1 mm). Since there is strong evidence that periwinkles and planktonic snails have similar scattering characteristics [21] , periwinkles were used in this study.
Scattering from elastic-shelled animals is characterized by a very strong echo specularly reflected by their hard shell. A previous study [21] has found that strong secondary echoes are also present. The secondary echoes have been determined to be from two different mechanisms: 1) a Lamb wave that travels along the animal's shell, partially circumnavigating the animal, and then returning in the backscatter direction [ Fig. 1(b) ] and 2) echoes from within the opercular opening. When the opening faces the transducer, the acoustic wave can travel inside the opening, scatter off the back wall, and return to the transducer. Scattering from the animal tissue itself is very weak relative to that from the shell since the animal tissue has a density and, presumably, a sound speed close to that of sea water. Therefore, the effect of the animal will be ignored and only scattering from the shell will be considered.
The scattered energy from the periwinkle has been shown to vary greatly with the orientation of the shell [21] , due to the complexity of the shape of the animal's shell. Although somewhat cone-shaped, the shell is actually a tube that is coiled upon itself. Therefore, the thickness and surface roughness of the shell is variable. In fact, depending on the orientation of the animal, the number of echoes that are reflected differ due to the change in scattering characteristics. For example, when the opercular opening of the animal is facing away from the acoustic transmitter, there is no Lamb wave detected. This may be the result of all Lamb waves at that orientation being severely attenuated due to interaction with the opening.
It is possible to infer information on the properties of the elastic-shelled animal from the arrival times of the different waves that scatter from the animals. If the secondary arrival corresponds to a Lamb wave, then the time delay between the echo from the front interface and the Lamb wave echo corresponds to the circumference of the animal (and thus its diameter) [ Fig. 1(b) ]. It should be noted that the second arriving ray in our two-ray model is referred to as the Lamb wave ray. This is somewhat misleading since a Lamb wave can only propagate along an elastic surface, not in the water. The Lamb wave ray referred to in this paper corresponds to the process of the portion of the incident field that initially travels through the water at a speed , strikes the elastic shell and is coupled into a Lamb wave which propagates at , circumnavigates the shell, and "launches" back into the water where the wave is then detected by the receiver.
There are complicating factors in using the Lamb wave to infer properties of the target: the dispersive nature of the speed of the Lamb wave, the variable distance the Lamb wave travels along the shell, and the arrival of other Lamb waves that have circumnavigated the shell more than once. Lamb wave speeds for these frequencies and shell dimensions -have been observed and calculated to be subsonic, however, there have not been any direct measurements of their speed in calcium carbonate shells. Previous work [21] has estimated their average velocity as approximately one third of the speed of sound in sea water. While there is a dispersive relationship in Lamb wave velocities [23] , [14] , an average value will be used in this analysis while the statistical variability of the echo is explored for a single-sized animal and narrow range of frequencies.
The Lamb waves of interest do not travel a complete circumnavigation around the shell. There is a specific angle relative to the axis of the shell where the wave starts or "lands" on the shell, as well as leaves or "launches" from the shell and returns to the water. Therefore, the arc traveled by the Lamb wave on a spherical shell is . For subsonic waves, [23] . Lamb waves that have circumnavigated the shell multiple times will be delayed in time by approximately for each circumnavigation, where is the radius of the shell (0.003 m) and m/s. Therefore, the expected time delay between multiple-circumnavigating Lamb waves is s, which is less than our pulse length of 200 s. Returns from multiple circumnavigations of the Lamb wave should be detected under the conditions discussed above, however, our analysis will only use the first two waves that are detected (the specular reflection and the first Lamb wave). Finally, it should be noted that although subsonic Lamb waves for idealized spherical shells have been calculated under certain conditions to have a low-quality factor which should pose a challenge in resolving such waves [23] ; they are, indeed, resolvable in these studies involving the irregularly shelled objects.
C. Pulse Compression Processing
Pulse compression (PC) processing is a signal processing technique that has recently been used to analyze backscattered echoes from biological targets [15] , [16] . It is similar to a matched filter which has been used in radar and sonar analysis for quite some time [24] . PC processing involves the cross correlation of the received scattered signal with the calibration signal. When the scatterer has a uniform frequency response, Fig. 2 . Orientation of incident acoustic wave relative to the: (a) shrimp and (b) snail. 0 incidence is approximately "head-on" and "apex-on" incidence for the two animals, respectively.
PC processing is identical to a matched filter and its output is a single main lobe with small sidelobes. Deviations from this pattern provide information on the scattering characteristics of the target. For example, the presence of two large lobes may correspond to two major scattering features on the target.
III. EXPERIMENTAL METHODS
The experimental procedures used in this study have been described previously [16] , [21] , [25] , [26] ); therefore, only a brief summary will be presented. An array of 16 pairs of transducers configured in a bistatic arrangement and aimed in the horizontal direction was placed in a large fiberglass tank filled with sea water. For the data presented herein, a "chirp" signal, centered at 500 kHz, was generated with a bandwidth of approximately 300 kHz. The pulse length was 200 s. After the acoustic wave scattered off the animal, the echo in the backscatter direction was detected by a receiving transducer, identical and adjacent to the transmitting one. After amplification, the received signal was digitized and displayed on a digital oscilloscope, and then transferred to a computer for analysis. For each experiment, an individual animal was suspended with a thin monofilament line (59-m diameter) that was acoustically transparent. A single line was used for the periwinkle shell, while a two-line configuration was used with the live shrimp. The two-line "harness" restricted the shrimp's movement and permitted better control of its orientation. The top of each tether was attached to the axis of a stepper motor which was used to rotate the animal.
The decapod shrimp was tied such that the animal was to within about 20 of lying flat on its side in the horizontal plane. The shrimp was rotated in this plane so that scattering information in the dorsal/ventral aspect was obtained (Fig. 2) . The periwinkle was tied such that it could be rotated for apex/opercular opening scattering. The planes of rotation were selected so as to provide animal orientations that may be found in the field. The decapod shrimp remained alive during the experiment, and the periwinkle experiment involved scattering from the shell only since the periwinkle tissue has acoustical properties very close to that of the surrounding water. The tissue was removed beforehand being replaced with water for convenience, as the scattering characteristics with tissue or water are not expected to change significantly. Great care was taken to prevent accumulation of bubbles onto the tether and bodies of the animals.
Postprocessing of the data involved the use of a digital bandpass filter (to remove noise) and then PC processing. The compressed echoes were then processed through use of an automatic peak detection algorithm to determine the time of arrival and magnitude of the individual scattered rays. The largest and generally earliest occurring echo is referred to as the primary peak, and the remaining peaks are ordered by their arrival time (secondary, tertiary).
IV. RESULTS
A. Fluid-Like Animal
A total of ten decapod shrimp were used in the experiment with echoes collected at 1 increments over two complete rotations (720 ) of the shrimp's body. Results were similar for all animals, so only results from one animal (#6) are presented herein (Table I ). The raw echo (before PC processing) is difficult to interpret since it is composed of overlapping echoes from at least two reflections from the animal [ Fig. 3(a) ], however, the PC output clearly distinguishes several distinct echo arrivals from the animal [ Fig. 3(b) ]. The magnitude of the primary and secondary arrivals (as well as the raw echo level) vary regularly with angle of orientation (Fig. 4) . The peaks of the echo levels correspond to when the shrimp is at broadside incidence to the insonifying wave. Information about the animal can be extracted from the timing of the PC echo arrivals. Estimates of the animal's dimension were made from the time delay between the primary and secondary echo arrivals for all angles of orientation (Fig. 5) . These estimates assume a uniform sound speed for the inside of the animal's body. The mode of this distribution is 4.2 mm which agrees very well with the measured animal diameter of 4.15 mm at the widest section. However, there are estimates of the animal's size that are smaller than the animal's dimensions. It is possible that they are associated with reflections from the narrower or tapered part of the animal's cephalothorax and telson. There are several outlying estimates of the animal's dimension that are larger than the physical length of the animal (19.37 mm). These may be due to noise or artifacts of the PC processing. However, the main "body" of the histogram ends at approximately 15 mm which is a reasonable estimate of the length of the animal if the telson (which is quite thin) is excluded. These results suggest that a single animal insonified by multiple pings can be sized using information from multiple features of the compressed echo from the animal.
An important aspect of this analysis is to use the laboratory data to estimate the variability that one might expect in measurements in the ocean. One source of variability is the dependence of the scattering upon orientation coupled with the variability in orientation of the animals. Since the laboratory data involved measurements of scattering for all angles of orientation (in one plane) and in small increments, the data can be used, along with information on distributions of animal orientation, to estimate the variability. The pulse compression analysis involves using data from resolved animals in the laboratory to estimate the variability from resolved animals in the ocean. The target strength analysis, which involves a form of echo energy, could involve either single targets in the ocean or averaged echoes from multiple targets. An assumption in the latter case is that the orientation distribution of each animal is the same. The majority of sonars used in zooplankton surveys are downward looking. The echoes from these sonars would insonify shrimp from the dorsal/ventral plane rather than the left-/right-side plane that a side-looking sonar would encounter.
There is no definitive work on the orientation of decapod shrimp or euphausiids in the ocean. Sameoto [27] studied the orientation of euphausiids in the water column from photographs taken from a net system. There was generally a broad range of orientations for the animals, however, at certain times (1500 h and 2400 h), his results show a preferred orientation of the animal being slightly head-up in the water column, relative to an otherwise horizontal orientation. Also, several other studies [28] , [29] show that krill exhibit this head-up position for certain behaviors. We use this orientation distribution as a basis for our modeling of what a downward-looking sonar would detect. Since it is likely that animal orientation distributions change throughout the day depending upon the behavior of the animal (vertical migration and feeding for example), other ranges of orientations are studied. Multiple scattering effects are ignored in this case since zooplankton are weak scatterers. Size estimates (Table II) and target strength values (Table III) were calculated for the various synthetic data sets ("synthetic" in that the laboratory data were used for the calculations in combination with the various orientations expected in the ocean environment).
The calculations involving different orientation distributions show that there are changes in the mean value and variance of what would be the ocean-measured target strength of the animal (Table III) . Although the variances in the target strength for a given orientation distribution are substantial (due to the wide frequency range used and the frequency dependence of the scattering), there are also changes in the mean target strength between the various orientation distributions. The differences are largest ( dB) between the distributions centered around end-on and broadside incidence. While these differences are smaller than those observed at lower frequencies [11] , they are large enough to cause substantial changes in biomass estimates. Given the importance of biomass estimates, these calculations indicate the need for more information on in situ animal orientation. The calculations using the laboratory data were also used to determine how changes in animal behavior in the ocean may change estimates (using data from ocean measurements) of the animal's size from time-delay measurements from the PC processing (Table II) . An "uncorrected" diameter estimate was found by converting the time delay between the primary and secondary peaks in the pulse compressed echo to a length without using any orientation information (1) A "corrected" animal diameter was calculated taking into account orientation using a simple trigonometric relationship (2) where is the angle of the animal relative to the acoustic wavefront as shown in Fig. 2 . The mean and mode of the corrected and uncorrected diameter estimates for the various orientations were found. For the uncorrected estimates of diameter, the mode of the distribution had a better agreement with the measured diameter of the shrimp, however when geometric information was included to correct the estimate, the mean value was closer to the measured diameter. In the case of broadside incidence, the acoustic estimates of diameter and the measured value agreed almost exactly, for the other animal behaviors the acoustic estimates tended to overestimate the measured value. There was no calculation of estimated diameter for the end-on incidence case since the theoretical model used is not applicable at those angles.
To examine the accuracy of the theoretical two-ray model and the orientation corrections to the diameter estimates, a comparison of uncorrected diameters, corrected diameters, and theoretically predicted uncorrected diameters was made (Fig. 6) . For a range of angles from head-on (0 ) to end-on (180 ) incidence with 1 increments, mean time delays were calculated and then converted to uncorrected diameter estimates. These values were then corrected using the orientation of the animal and (2). Using Fig. 6 . Uncorrected (2) and corrected ( ) diameter estimates of the shrimp from the time delay between primary and secondary PC peaks. For each 1 increment, four data points from two complete revolutions of the animal (0-720 ) were averaged to provide a data set covering 180 from head-on to end-on incidence. For example, the data point at 30 is the mean of the values collected at 30 , 330 , 390 , and 690 . The dashed line is a theoretical prediction of the uncorrected diameter estimate using the measured animal diameter of 4.15 mm. The corrected and uncorrected scattering model appear to produce reasonable estimates within the range of 650 and 635 , respectively, from broadside incidence.
the measured value of the animal's diameter, a theoretical prediction for the uncorrected diameter is made with the formula similar to (1):
Obviously this equation is not valid for orientations near end-or head-on incidence since the diameter prediction goes to infinity. A comparison of the two estimates of diameter and the measured value shows that the valid range of orientations for the corrected and uncorrected estimates are approximately 50 and 35 , respectively, relative to broadside incidence. The uncorrected estimates follow the theoretical trend for uncorrected data within about 60 from broadside incidence.
B. Elastic-Shelled Animal
Six periwinkle shells (Littorina littorea) were used in the experiment. Since results were similar for all cases, those corresponding only to animal #1 are shown (Table I ). Similar to the decapod shrimp analysis, individual ray echoes are difficult to identify in the raw echo, but are clearly shown in the PC processed echo (Fig. 7) . The interference between the reflection from the front interface and the other echoes can change the overall amplitude of the received total echo. The major structure in the polar plots of echo versus orientation for the raw echo voltage and the primary peak magnitude are broadly similar (Fig. 8) . There are differences in the smaller scale structure between the two plots which indicate the interference effect of the secondary echo. These secondary echoes are readily apparent in the PC processed signal and can provide information about the size of the animal.
For certain orientations, the time delay between the primary and secondary peak corresponds to the time difference between the echo from the front interface and a circumnavigating Lamb wave that travels subsonically around the shell and then couples, or launches, from the shell into the water [21] . At these values of , the Lamb wave speed that was both calculated and gave the best fit to the data in [21] involving the strongest subsonic secondary waves was approximately m/s. Although Lamb wave speeds are frequency-dependent, this average value can provide useful information. The term "Lamb wave speed" refers only to the speed that the Lamb wave propagates along the shell; when the "Lamb wave" ray is in the water column it travels at the speed . Using this speed, the size of the periwinkle studied can be inferred from the acoustic data. If the shell is assumed to be circular, the diameter, , of the shell can be found from the formula (4) where is the time delay between primary and secondary pulse compressed echo arrivals, and the distance traveled by the Lamb wave is halfway around the shell [23] .
There is a fair amount of variation in the time delay between the primary and secondary peaks from the periwinkle (Fig. 9) , which could be explained by Lamb wave speeds varying due to changes in shell thickness [21] or, since the shell is not circular, that the path length (and travel time) of the Lamb wave will vary depending on the orientation of the shell. However, there is a sharp peak in the distribution at 18.5 sec. Using (4), the estimated diameter of the shell is found to be 4.8 mm (compared to the measured diameter and length of 3.9 mm and 6.2 mm, respectively). Since the shell is not circular, it is reasonable to calculate the average of the diameter and length and use this value of 5.1 mm as the size of the periwinkle. Thus, the average size of the animal can be estimated using a two-ray model for the scattering and PC processing to resolve the multiple returns. As was done for the shrimp, synthetic data sets were created from the laboratory data to model data that might be collected using different sonar viewing angles in the ocean. Planktonic pteropods have been observed to have a preferred orientation in the water column. For both feeding and swimming, these animals position themselves with their opercular opening pointing mostly vertically upward [30] , [31] . Therefore, with a downward-looking sonar, the opercular opening would be generally aimed toward the transducer and the apex would be aimed downward and to the side. In addition to the down-looking sonar data set, synthetic data sets were created for a uniform distribution, apex-upward, opercular opening-upward and back of shell-upward distributions. These different data sets show how the resulting size estimates (Table II) and target strengths (Table III) can change with various animal orientations in the ocean.
It is apparent given the range in target strength values ( dB) that large errors in estimates of animal populations can occur if the wrong orientation distribution were used in modeling these animals. However, all of the various distributions provide a similar range of estimates for the size of the animal. This indicates that the Lamb wave speed and path are relatively stable across the range of orientations, at least when averaged over the distance traveled around the shell.
Given that the scattering mechanism for the elastic-shelled animal is affected by the complex shape of the animal, a simple model that does not take into account the actual geometry of these shells will not provide a realistic representation of the scattering from these animals. However, a simple ray model may offer a reasonable approximation for describing the broad trends in how animal orientation can affect the backscattered energy.
V. DISCUSSION
This study has shown that, for this method of broad-band insonification in the geometric scattering region, the following is true.
1) For the elastic-shelled animal, acoustic estimates of size using pulse compression processing were accurate for all distributions of orientation studied, in spite of the fact that the target strength varied by 10 dB over the same distributions.
2) For the fluid-like animal, accurate acoustic estimates of size using pulse compression processing and the simple two-ray model require that the animal's in situ orientation distribution be to within about 35 of broadside incidence.
3) The fluid-like animal had a change of 3 dB in target strength averaged over a wide frequency band for different orientation distributions. Acoustic scattering models are vital to understanding and interpreting measurements of biological scattering in the ocean. However, these models depend upon a variety of parameters which are often unknown, such as the animal's size and orientation distribution. This study presents results that show how different animal orientations could impact measurements of target strength and scattering-model-based estimates of animal size for two types of zooplankton (fluid-like and elastic-shelled).
Target strength measurements at these high frequencies show a range of values for the different orientation distributions for both types of zooplankton. Changes were smaller for the fluid-like animals, but still quite substantial (a 3-dB difference corresponds to a factor of two change in biomass estimates). Differences for the elastic-shelled animal were even larger.
Size estimates of single animals can be made with the use of pulse compression processing. In spite of the large variability of target strength for various orientations for elastic-shelled animals, the different orientation distributions caused only small changes in the acoustic estimates of size. With the ray model used, orientation information may not be needed for accurate size estimates of the elastic-shelled animals, although note that the dispersive properties of the Lamb waves for this irregular target need to be better understood for practical sizing methods in the ocean. Also, for fluid-like animals, acoustic estimates of size were not accurate unless the orientations were within about 35 of broadside incidence.
Target strengths and size estimates show a possibility for being used to categorize different animal behaviors. This method seems particularly suited to fluid-like animals where studies have shown the strong effect that animal orientation has on scattering spectra. Since animal behavior (and the orientation distribution) will change throughout the day, more studies of animal in situ orientation are needed if acoustic scattering models are to be used correctly and effectively.
